We theoretically investigate the intrinsic optical anisotropy or polarization induced by the microscopic interface asymmetry ͑MIA͒ in no-common-atom ͑NCA͒ InAs/GaSb superlattices ͑SLs͒ grown along the ͓001͔ direction. The eight-band K · P model is used to calculate the electronic band structures and incorporates the MIA effect. A Boltzmann equation approach is employed to calculate the optical properties. We found that in NCA InAs/GaSb SLs, the MIA effect causes a large in-plane optical anisotropy for linearly polarized light and the largest anisotropy occurs for light polarized along the ͓110͔ and ͓110͔ directions. The relative difference between the optical-absorption coefficient for ͓110͔-polarized light and that for ͓110͔-polarized light is found to be larger than 50%. The dependence of the in-plane optical anisotropy on temperature, photoexcited carrier density, and layer width is examined in detail. This study is important for optical devices which require the polarization control and selectivity.
I. INTRODUCTION
Many of the optoelectronic devices used in modern optical communication systems require a polarizationindependent operation, whereas for laser diodes polarizationdependent mechanisms have been explored that reduce the threshold current. In recent years optical polarization phenomena in vertical-cavity surface-emitting lasers ͑VCSLs͒ have been intensively studied both experimentally and theoretically. [1] [2] [3] In addition to VCSLs, some particular III-V semiconductor superlattices ͑SLs͒ have also attracted much interest in light of such phenomena. [4] [5] [6] In the C1A1 / C2A2 semiconductor SLs where C1 / C2 and A1 / A2 denote, respectively, the III-V cation and anion species and if the host materials C1A1 and C2A2 have no common atoms ͑NCAs͒, i.e., C1 C2 and A1 A2, we will term such SLs as NCA SLs. In the other case when the host materials share common atoms, i.e., C1=C2 or A1=A2, we will call them CA SLs. Hence, in NCA SLs, there exists a remarkable peculiarity that chemical bonds formed at the interfaces ͑C1-A2 and C2-A1͒ are different from those formed in the host materials ͑C1-A1 and C2-A2͒. Typical NCA systems are GaAs/InP and InAs/GaSb SLs while GaAs/AlAs and GaAs/InAs SLs are typical CA SL systems. The difference between the CA and NCA SLs comes from the inequivalent chemical bonds formed in the host materials and at their interfaces. Owing to this difference, the NCA SL system such as GaAs/InP has been intensively studied in the past decade to explore interface related electronic and optical properties. [4] [5] [6] [7] The most different features exhibited by CA and NCA SLs are seen in their optical properties. It has been experimentally verified that in the GaAs/InP NCA system a giant in-plane anisotropy ͑or polarization͒ in the optical absorption of light polarized along the ͓110͔ and ͓110͔ directions 5, 6 occurs while CA SLs do not show any in-plane anisotropy of their optical absorption.
It is not hard to understand the in-plane absorption anisotropy of NCA SLs grown along the ͓001͔ direction. In the CA SLs such as GaAs/AlAs, successive interfaces have the following spatial arrangement of chemical bonds: the first interface has Ga-As and Al-As bonds lying in the ͑110͒ plane while the second has Al-As and Ga-As bonds lying in the ͑110͒ plane. As a result, the positive anisotropy induced by different Ga-As and Al-As bonds lying in the ͑110͒ plane is exactly compensated by the negative anisotropy resulting from different Al-As and Ga-As bonds lying in the ͑110͒ plane and thus no in-plane anisotropy occurs. However, this compensation does not exist in the NCA SLs such as GaAs/ InP: the first interface has Ga-As and In-As bonds lying in the ͑110͒ plane while the second has In-P and Ga-P bonds lying in the ͑110͒ plane. As a result, two in-plane directions ͓110͔ and ͓110͔ are inequivalent and thus exhibits a strong in-plane anisotropy. When linearly polarized light propagates along the ͓001͔ SL growth direction, it will feel different chemical bonds for the ͓110͔ and ͓110͔ polarization directions and consequently, in-plane absorption anisotropy is induced by ͓110͔ and ͓110͔ polarized light. From the group symmetry point of view, CA SLs correspond to the D 2d point-group symmetry while NCA SLs correspond to the C 2v point-group symmetry. The C 2v interface symmetry in NCA SLs is lower than the D 2d interface symmetry in the CA SLs. Thus, the optical anisotropy induced by the microscopic interface asymmetry ͑MIA͒ effect is an intrinsic property of the NCA SL system and detailed studies of the in-plane optical polarization or anisotropy are necessary.
InAs/GaSb NCA SLs have attracted considerable interest over the past two decades due to their unique type-II band alignment and their application as detectors and lasers with tunable infrared wavelengths. 8, 9 Most of those studies focused on the electronic [10] [11] [12] and spintronic 13, 14 properties of InAs/GaSb NCA SLs but only few works dealt with the optical anisotropy that intrinsically exists in such SL systems. Although the MIA influence on the in-plane optical polarization ͑the polarization rate up to 40%͒ is well described for GaAs/InP NCA structures, 5,6 the situation in the InAs/GaSb NCA SL system is still unclear and is expected to be complicated because of a strong conduction-valence-band mixing which is absent in the GaAs/InP SL system. In addition, the InAs/GaSb SL system is the best type-II candidate: electrons and holes are, respectively, confined in the InAs and GaSb layers. Due to this fact, it is expected that the optical properties in such type-II NCA SLs should be extremely sensitive to the MIA effect because they depend completely on the overlap between the electron and the hole wave functions at the interface. Thus, one may anticipate that new phenomena related to the optical anisotropy could take place in the InAs/ GaSb NCA SLs. The InAs/GaSb NCA SL system has been modeled using a variety of theoretical approaches such as the empirical tight-binding method, 15, 16 the empirical pseudopotential method, 10, 11 and the standard envelope function approximation ͑EFA͒ method. 17, 18 Among these approaches, the EFA method is most widely used because of its greater physical appeal, easier code implementation, and rather good numerical accuracy. However, it has been well known that the standard EFA method fails to distinguish the CA SL system from the NCA SL system when considering their optical properties: both the CA and NCA SLs do not show any in-plane optical polarization in the frame of standard EFA. Therefore, a more accurate approach is needed in which the MIA effect is taken into account in NCA SLs. In the literatures, there were many proposals for taking this effect into account in the EFA theory. Krebs and Voisin proposed a phenomenological model 4 called the H BF model that allows to distinguish the interface chemical bonds that are stacked in backward ͑B͒ and forward ͑F͒ directions. General boundary conditions were proposed 19 for the multiband effective-mass theory in which the hole envelop function boundary conditions are generalized and mix the heavy-hole and light-hole spin components. Szmulowicz et al. 12 developed a modified eightband EFA formalism that incorporate the MIA effect. It was recently shown that a nonsymmetrized eight-band K · P Hamiltonian 20 can also model the MIA effect within the Burt-Foreman theory. 21 More recently, the MIA effect in InAs/GaSb SLs has been modeled successfully within the framework of the eight-band K · P model using a graded and asymmetric interface profile. 22 In the present work, we will implement the H BF model and investigate the intrinsical optical anisotropy in the InAs/GaSb NCA SL system. To calculate the electronic band structure and associated wave functions, we use an eight-band K · P model that incorporates the MIA effect and solve the resulting EFA Hamiltonian equation using the finite difference method. With the obtained eigenvalues and eigenstates obtained, we employ a semiclassic Boltzmann equation approach to calculate the optical properties of the corresponding SL system such as the optical-absorption spectra and polarization spectra. Furthermore, the dependence of the optical polarization on temperature, photoexcited carrier density, and layer width is examined in detail. Our aim is to understand more deeply the physical mechanisms of the optical anisotropy or polarization in the InAs/GaSb NCA SLs. This paper is organized as follows. In Sec. II, first an eight-band K · P model incorporating the MIA effect is developed to calculate the electronic band structure of InAs/ GaSb NCA SLs using the finite difference method and then a semiclassic Boltzmann equation approach is employed to calculate the optical properties of the corresponding SL system. In Sec. III, the numerical results are presented and discussed. Finally, our concluding remarks are summarized in Sec. IV.
II. THEORETICAL APPROACHES
Within an eight-band K · P formalism, we include the MIA effect for NCA semiconductor SLs grown along ͓001͔ direction. By imposing the Bloch boundary conditions on the system, the resulting EFA Hamiltonian equations can be solved for the SL band structure and associated wave functions by the finite difference method. Subsequently, a semiclassic Boltzmann equation approach is employed to calculate the optical properties for the corresponding SL system.
A. Band-structure calculation
Consider a NCA SL structure constructed by alternating a thin InAs layer with thickness L A and a thin GaSb layer with thickness L B grown along the ͓001͔ direction. This growth direction is defined as the z axis. The x and y axes are along ͓100͔ and ͓010͔, respectively. The band alignment of such an InAs/GaSb SL is shown in Fig. 1 
where 
͑3͒
where
E v denote, respectively, the unstrained conduction-and valence-band edges; ⌬ is the spin-orbit split-off energy; P is the interband momentum matrix element defined as P =−i͑ប / m 0 ͒͗S͉p x ͉X͘; and the band parameters A c , L, M, and N are given by
͑6͒
The MIA-related term H I has the following blockdiagonal form: 
where H XY is an adjustable parameter characterizing the strength of the interface potential. This 4 ϫ 4 matrix takes into account the MIA-induced coupling between one s-like conduction-band state ͉͑S͒͘ and three p-like valence-band states ͉͑X͘, ͉Y͘, and ͉Z͒͘. Because of the interface symmetry the interface potential does not directly couple the conduction-band states to the valence-band states. 24 Hence, one may anticipate that the conduction bands will be less affected by the MIA effect than the valence bands in the NCA SLs. The interface potential is short range and is localized at the SL interface within about half a monolayer ͑ ϳ2 Å͒. In the present model, we neglect ͑i͒ bulk inversion asymmetry terms resulting from the lack of inversion symmetry in zinc-blende semiconductors because the MIA effect dominates in our short-period InAs/GaSb SL structures, 13 and ͑ii͒ the strain effect due to the small lattice mismatch between InAs and GaSb layers ͑ϳ0.39%͒.
With the EFA theory, we solve for the SL band structure by transforming the eight-band K · P Hamiltonian into a set of eight coupled second-order differential equations by replacing k z with −id / dz. Products of k z with positiondependent material parameters ͑quadratic polynomials in k z ͒ are symmetrized 17, 18 before converting the equations to differential form and the set of differential equations so formulated is then Hermitian. The energy dispersions and the corresponding wave functions for the SL are derived from the Schrödinger equation
where ⌿ is the multicomponent wave function and E the corresponding energy. Usually the SL wave function ⌿ n ͑k , q , r , z͒ can be expanded as a linear combination of the basis states U ͑r͒ and the envelope function F ͑n , k , q , z͒, which reads
where r = ͑x , y͒ is the in-plane position vector, n ͑͒ is the subband ͑basis͒ index, q is the SL wave vector along the growth direction ͑z axis͒, U ͑r͒ is the zone-center basis state described by Eq. ͑1͒, and F ͑n , k , q , z͒ is the th component of the nth subband envelope function along the z axis. By replacing k z with −id / dz in the K · P Hamiltonian, the resulting eight-band envelope function equation can be written as
͑11͒
Using the finite difference technique and imposing the Bloch boundary conditions, 25 one can reduce Eq. ͑11͒ to a single eigenvalue equation of the form H · F = E · F, where the Hamiltonian matrix can be diagonalized by standard mathematical subroutines to obtain the eigenvalues E and the eigenvectors F. An important advantage of the finite difference method is that it is quite easy to implement boundary conditions and arbitrary potentials. Additionally, this method is also able to describe the tunneling effect with only a few changes and is numerically stable in contrast to the transfer-matrix method 26, 27 which sometimes fails because of growing exponentials.
B. Optical-absorption coefficient
After obtaining the band structure and the wave functions by solving the EFA Hamiltonian equations described above, the next step is to calculate the optical-matrix element, because the strength of the optical absorption is proportional to the square of the optical-matrix element. We denote, respectively, the initial ͑valence-band͒ and final ͑conduction-band͒ states involved in the interband optical transition process with ⌿ n ͑k , q , r , z͒ and ⌿ n Ј ͑k , q , r , z͒. For a given light polarization direction ⑀, the optical-matrix element between such two states can be written as
where the first term gives the interband optical transition strength and the second term, which gives the strength of the intraband optical transition, involves essentially the overlap between the same envelope function components for initial and final states. Thus, one can anticipate that it also contributes to the interband optical transition strength in InAs/GaSb SL systems, where the conduction-band states are strongly mixed with the valence-band states because of the type-II band alignment at the InAs/GaSb interfaces. Inserting the optical-matrix element given by Eq. ͑12͒ into Fermi's golden rule, the electronic transition rate induced by direct carrier-photon interaction via absorption scattering can be obtained as
where F 0 and are, respectively, the strength and frequency of the light field. In this study, we employ the semiclassic Boltzmann equation as the governing transport equation to study the photo response of a SL to the applied light field. In case of degenerate statistics, the Boltzmann equation takes the form ‫ץ‬ f n Ј ͑k,q,t͒
Here, F nn Ј ͑k , q , t͒ = f n ͑k , q , t͓͒1− f n Ј ͑k , q , t͔͒W nn Ј ͑k , q͒, f n ͑k , q , t͒ is the momentum distribution function for the electron in a state ͉n , k , q͘, where ͗R ͉ n , k , q͘ = ⌿ n ͑k , q , R͒ and W nn Ј ͑k , q͒ is the steady-state electronic transition rate. In Eq. ͑14͒, the effect of the light field has been included within the time-dependent momentum distribution functions and within the electronic transition rates. Thus, to avoid double counting, the force term induced by the light field does not appear on the left-hand side of the Boltzmann equation. It is known that there is no simple and analytical solution for Eq. ͑14͒ with the electronic transition rate given by Eq. ͑13͒. In this work, we apply the usual energy balance-equation approach to solve the Boltzmann equation approximately. 28, 29 This balance equation can be derived by multiplying ͚ n Ј ͚ k,q E n Ј ͑k , q͒ on both sides of Eq. ͑14͒, which reads
f n ͑k,q,t͓͒1 − f n Ј ͑k,q,t͔͒W nn Ј ͑k,q͒, ͑15͒
where P t = ‫͚͓ץ‬ n Ј ͚ k,q E n Ј ͑k , q͒f n Ј ͑k , q , t͔͒ / ‫ץ‬t is the electronic energy-transfer rate per cell of the SL. The optical-absorption coefficient can be calculated through
where ␣ 0 = e 2 / ͑ប⑀ 0 c ͱ ͒, , and ⑀ 0 are, respectively, the dielectric constants of the material layer and the free space, and c is the velocity of light in vacuum. Thus, the opticalabsorption coefficient is obtained as
where C =4ប␣ 0 / ͑m 0 2 ͒. Here we used a steady-state energy distribution function such as the Fermi-Dirac function for the distribution function, i.e., f n ͑k , q , t͒Ӎ f͓E n ͑k , q͔͒. The summation in Eq. ͑17͒ has to be evaluated numerically.
III. NUMERICAL RESULTS AND DISCUSSIONS
The input material parameters for InAs and GaSb used in the present study are taken from Ref. 25 . The overlap energy between the InAs conduction band and the GaSb valence band is taken to be 150 meV. It is known that in NCA InAs/ GaSb SLs, there are two different kinds of interfaces: the BA interface GaSb-on-InAs at one side which can be grown InSb-like and the AB interface InAs-on-GaSb at the other side which can be grown GaAs like. 31 Thus, one has two additional parameters H XY BA and H XY AB characterizing the strength of the InSb-like and GaAs-like interface potentials, which need to be determined in the calculation. Fortunately, we can obtain these two parameters by fitting the experimental data. We allow H XY AB and H XY BA to vary such that it reaches the best agreement between the experimental and theoretical band gaps as shown in Fig. 2 We use a test InAs/GaSb NCA SL to display the main results of our band-structure calculation. The InAs/GaSb layer widths of the test structure are L A ͑L B ͒ =25͑25͒ Å. The band structures of this SL calculated without and with the MIA effect are shown in Figs. 3͑a͒ and 3͑b͒ , respectively, where d = L A + L B is the SL period. There are only four energy bands, labeled as CB1 for the first conduction band, HH1 and HH2 for the first and second heavy-hole bands, and LH1 for the first light-hole band. The assignment of the carrier type to the various bands follows from the associated properties of the envelope function at the zone center. Comparing Figs. 3͑a͒ and 3͑b͒, we notice three major differences: ͑i͒ at nonzero in-plane wave vector k ͑ ʈ ͓100͔ direction͒, the MIA effect creates a sizable spin slitting for both conduction and valence bands due to the reduced interface symmetry. However, the splitting is clearly more pronounced in the valence bands than in the conduction band. This is because the conduction band is less affected by the MIA effect than the valence bands, which is manifested by the interface Hamiltonian ͑8͒ where no direct coupling of conduction band to valence band exists. It appears that the K · P matrix elements which couple the electron and the light-hole states play a key role in the splitting of the conduction band; ͑ii͒ along the q direction ͑ ʈ ͓001͔ direction͒, the MIA effect causes an anticrossing behavior between the LH1 and HH2 minibands which occurs at nonzero q value, which is consistent with a previous tight-binding calculation. 16 This anticrossing is due to the zone center HH-LH mixing effect induced by the interface asymmetry; ͑iii͒ at the zone center, the MIA effect results in a significant reduction in the band gap. This is because a number of valence-band anticrossings induced by the zone center HH-LH mixing lead to band repulsions, i.e., a rise of the HH1 band and thus a smaller band gap.
The squared envelope functions at the zone center for the same test SL are calculated without and with the MIA effect and are, respectively, shown in Figs. 4͑a͒ and 4͑b͒ . A common feature in Figs. 4͑a͒ and 4͑b͒ is that, because of the different effective masses and different quantum size effects, the heavy holes are largely confined in the GaSb layer whereas the electron ͑light-hole͒ envelope functions overlap considerably from one InAs ͑GaSb͒ layer to another. When comparing the panels ͑a͒ and ͑b͒ in this figure, one can see that the CB1, HH1, LH1, and HH2 envelope functions have peaks at the interface due to the localized interface potential, and what's more, the peaks in the HH1 and HH2 envelope functions are much sharper than those of the CB1 and LH1 envelope functions because the heavy holes are more bounded by the interface potential due to their larger effective masses. The sharp peaks of the HH envelope functions indicate that the interface potential has an ability to bind the hole at the interface. More importantly, due to the above features of the envelope functions, the overlap between the electron and the hole states is expected to be considerably enhanced by the MIA effect, which implies a strong type-II optical transition in the InAs/GaSb NCA SL system.
For a given light polarization direction ⑀, we first define the squared optical matrix element for the transition between the bands and ,
where n runs over the states in the band and nЈ runs over the states in the band. Then, the optical anisotropy with respect to the light polarization directions ⑀ 1 and ⑀ 2 can be evaluated by the polarization ratio It was shown previously that the MIA effect due to the low C 2v point-group symmetry causes an optical anisotropy with respect to the light polarization direction in the NCA SLs.
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To observe a pronounced optical anisotropy, the light polarization direction is normally set as the ͓110͔ and ͓110͔ directions in the experiment, 5,6 which will become clear in the following. In our numerical calculation, we vary ⑀ over all the in-plane polarization angles ͑0 ϳ 2͒ and calculate the squared optical matrix elements for the test InAs/GaSb SL as a function of . Figures 5͑a͒ and 5͑b͒ display, respectively, the calculated results for the HH1-CB1 and LH1-CB1 transitions at the zone center without and with the MIA effect. Comparing panels ͑a͒ and ͑b͒ in this figure, we notice that ͑i͒ in the absence of the MIA effect, the optical matrix elements are independent of the light polarization direction, which is manifested by the isotropic circles in panel ͑a͒; and ͑ii͒ with the MIA effect included, the optical matrix elements exhibit a strong in-plane anisotropy and have a twofold in-plane symmetry which corresponds to the C 2v point-group symmetry of the NCA SL system ͓see panel ͑b͔͒. It is clear that the optical anisotropy is induced by the MIA effect and the largest anisotropy is induced by the light polarized along the ͓110͔ and ͓110͔ directions. The reason why this gives the largest optical anisotropy is the nonequivalence of the ͓110͔ and ͓110͔ in-plane directions at two successive interface planes where the chemical bonds are spatially arranged differently. From the device application point of view, our results provide guidelines for designing optical devices which require the largest optical polarization to achieve an optimal performance. In the following, when calculating the intrinsic optical anisotropy in the InAs/GaSb NCA SLs, we will set the light polarized along the ͓110͔ and ͓110͔ directions as in the experiments 5,6 because these two directions give rise to the largest optical anisotropy.
The optical-matrix elements of the HH1-CB1, LH1-CB1, and HH2-CB1 transitions for the test InAs/GaSb SL as function of the in-plane wave vector k and the wave vector q along the growth direction are shown in Fig. 6 , where panels ͑a͒ and ͑b͒ are, respectively, calculated without and with the MIA effect. As can be seen from Figs. 6͑a͒ and 6͑b͒: ͑i͒ since the test SL considered here is thin ͑L A = L B =25 Å͒, the optical matrix elements are strongly dependent on both k and q; and ͑ii͒ along both the k and the q directions, the MIA effect gives rise to a large optical anisotropy in the optical-matrix elements induced by ͓110͔-and ͓110͔-polarized light. This is attributed to the fact that the MIA effect breaks not only the rotational symmetry around the z axis or in-plane symmetry which causes the k-dependent anisotropy in the opticalmatrix elements but also the translational invariance along the z axis or the growth symmetry that produces the q-dependent anisotropy in the optical-matrix elements.
To calculate the optical-absorption coefficient for the NCA InAs/GaSb SL system, we use a Lorentzian function to broaden the energy conservation delta function in Eq. ͑17͒.
Namely, we take ␦͑x͒ = ͑⌫ / ͒ / ͑x 2 + ⌫ 2 ͒ with ⌫ being the broadening factor induced by different scattering mechanisms. Furthermore, we use a phenomenological formula 33 to calculate this broadening factor: ⌫ = ⌫ 1 + ⌫ 2 / ͓exp͑ប 0 / k B T͒ −1͔ with ⌫ 1 and ⌫ 2 being constants and 0 the opticalphonon frequency. The first and the second term in this formula represent, respectively, the broadening factors induced by temperature-independent and temperature-dependent scattering mechanisms, i.e., time-independent scattering mechanisms mainly refer to the scattering of carriers with impurity and interface roughness and those of temperature-dependent refer to the scattering of carriers with acoustic-phonons and optical-phonons. As the optical-phonon frequencies for InAs and GaSb is nearly equal, we take ប 0 ͑InAs͒Ӎប 0 ͑GaSb͒ = 30 meV. Because there are no published values for ⌫ 1 and ⌫ 2 in the InAs/GaSb SL system, in the present work we take ⌫ 1 = 4.5 meV and ⌫ 2 = 44.3 meV. With such two values, the broadening factor ⌫ is 5 meV at T = 77 K and 25 meV at T = 300 K, which is in line with the magnitude of general temperature-dependent absorption linewidths. 34, 35 It is known that in an undoped InAs/GaSb SL, the presence of the light field can pump electrons from the GaSb valance band into the InAs conduction band. In general, the density of photoexcited carriers depends on the light intensity and frequency as well as other scattering and relaxation mechanisms. In this study, we assume that the photoexcited carrier density N 0 in undoped SLs is about 10 15 -10 18 cm −3 . Figures 7͑a͒ and 7͑b͒ show the optical-absorption spectra for the test InAs/GaSb SL calculated without and with the MIA effect, respectively, for a fixed temperature ͑T =77 K͒ and a fixed photoexcited carrier density ͑N 0 =10 16 cm −3 ͒. The optical-absorption spectra are found to be quite broad and nearly structureless. This is because the thin SL considered here has a strong dispersed subband and miniband structure along the k and the q directions. Due to the lifting of the parity selection rules in the type-II NCA SL system, the parity-forbidden optical transition between the HH2 and CB1 states with opposite parity becomes allowed, which is not so in type-I CA SL structures, where only the parity-allowed optical transitions between the HH ͑LH͒ and the CB states with the same parities such as the HH1-CB1 and LH1-CB1 transitions can take place. However, the strength of the HH2-CB1 optical transition is small due to the very small overlap between the HH2 and the CB1 envelope functions at the interface. Comparing Figs. 7͑a͒ and 7͑b͒, we notice that the MIA effect causes a giant in-plane optical anisotropy in the optical-absorption coefficients for ͓110͔-and ͓110͔-polarized light, which is a direct consequence of the polarized optical matrix elements shown in Fig. 6͑b͒ . Because the absorption strength is proportional to the optical matrix elements, it is larger in the presence of the MIA effect than in the absence of this effect for ͓110͔-polarized light and the case is reversed for ͓110͔-polarized light. In addition, the absorption cutoff is blueshifted due to the MIA effect because this effect reduces the fundamental band gap. The relative difference or polarization ratio between the two polarized absorption spectra shown in Fig. 7͑b͒ is plotted as a function of photon frequency in Fig. 8 . From this figure, we can see that: ͑i͒ the polarization spectrum is quite broad ͑over the whole spectral region͒ since all the transitions from the valence bands ͑HH1, HH2, and LH1͒ to the conduction band ͑CB1͒ contribute to the optical absorption; and ͑ii͒ the maximum value of the polarization ratio is close to 55% and the position of this value is located within the spectral region for the HH1-CB1 transitions. This is because the largest relative difference between the two polarized optical matrix elements, as shown in Fig. 6͑b͒ , occurs for the HH1-CB1 transitions. Thus the highest polarization ratio can be observed within the spectral region for these transitions.
To demonstrate that the optical anisotropy is more sensitive to the MIA effect in type-II NCA SLs than in type-I NCA SLs, we compared our results for the InAs/GaSb system with those obtained by Krebs et al. 5 for the GaAs/InP system. The polarization spectra in those two systems are remarkably different, which is manifested by the maximum value of the polarization ratio ͑up to 55% vs up to 40%͒ and by the broadening of the polarization spectrum ͑about 350 meV vs about 50 meV͒. Thus, the optical anisotropy in InAs/ GaSb NCA SLs is more sensitive to the MIA effect because it depends essentially on the overlap between the electron and the hole wave functions at the interface. Figure 9 displays the temperature dependence of the polarization spectrum for the test InAs/GaSb SL as a function of photon frequency. The photoexcited carrier density is fixed at N 0 =10 16 cm −3 . As can be seen from this figure, the polarization ratio decreases and the spectral shape broadens with increasing temperature. The polarization ratio is strongly temperature dependent at high temperatures ͑T Ͼ 77 K͒ because for this temperature region the main contribution to the broadening factor ⌫ comes from the scattering of carriers with optic phonons while it is nearly temperature independent at low temperatures ͑T Ͻ 77 K͒ since at this temperature region the broadening is dominated by the scattering of carrier with interface roughness ͑we assume an impurity-free SL structure͒. Thus, we anticipate that the scattering mechanisms will greatly affect the polarization spectrum induced by the MIA effect in the NCA SL system.
The dependence of the polarization spectrum on the photoexcited carrier density for the test InAs/GaSb is plotted as a function of the photon frequency in Fig. 10 . The temperature is fixed at T = 77 K. From this figure, we notice that both the peak position and magnitude of the polarization spectrum vary significantly with the photoexcited carrier density. With increasing density, the quasi-Fermi levels for electrons in the InAs layer and holes in the GaSb layer rises and falls, respectively. As a consequence, the peak position of the polarization spectrum is blueshifted because it reflects the energy separation between the electron and hole quasiFermi levels around which the strongest optical transitions occur. In addition, the magnitude of the peak in the polarization spectrum decreases with increasing photoexcited carrier density. The reason is that a higher density opens up a smaller number of optical transition channels due to band filling effects and thus induces a smaller polarization ratio as derived from the corresponding polarized optical-absorption coefficients. Therefore, to achieve a larger polarization ratio for InAs/GaSb NCA SLs, it is necessary to work at relatively low temperatures and low carrier density. *An important feature of InAs/GaSb SLs is that the absorption cutoff and strength can be tuned by simply adjusting the InAs and/or GaSb layer widths. Thus, one can anticipate that this feature may have an influence on the opticalabsorption spectrum and thus the polarization spectrum. Fig.  11 shows the polarization spectrum for different InAs/GaSb layer widths at a fixed temperature T = 77 K and a fixed photoexcited carrier density N 0 =10 16 cm −3 . As mentioned above, the peak position of the polarization spectrum is located within the HH1-CB1 transition energies. As a result, it is redshifted when increasing InAs/GaSb layer widths because such an increase reduces the energy separation between the electron and the hole confinement energies due to quantum size effect. Due to the fact that in shorter SL structures the percentage of the interface contribution to the optical anisotropy induced by the MIA effect increases significantly, the peak magnitude of the polarization spectrum increases with decreasing InAs/GaSb layer widths. In addition, one can observe that in the thicker SL structures ͑i.e., L A = L B = 30, 35 Å͒, there are other small peaks in the polarization spectra, which result from optical transitions with higher transition energies.
To close this section, we state that the MIA effect on the optical anisotropy in InAs/GaSb NCA SLs as suggested by our theoretical results can be detected in an experiment by measuring the optical-absorption coefficient with respect to the in-plane light polarization direction. The changing of the light polarization direction can be realized by simply using an optical polarizer.
IV. CONCLUSIONS
We have studied theoretically the intrinsic optical anisotropy induced by the MIA effect as is present in InAs/GaSb NCA SLs. The eight-band K · P model incorporating the MIA effect was solved using the finite difference method which gave us the electronic states in such SLs. With the obtained band structure and associated wave functions, we used the Boltzmann equation approach to calculate the optical properties for the corresponding SL system. It was shown that in the InAs/GaSb NCA SL system, the MIA effect causes a large optical anisotropy for linearly polarized light and the largest anisotropy occurs for the ͓110͔ and ͓110͔ light polarization directions. The giant optical anisotropy was manifested by the optical matrix elements and the opticalabsorption coefficients. Moreover, we found that the optical anisotropy and the polarization ratio decreases with increasing temperature, photoexcited carrier density and layer widths of InAs/GaSb NCA SLs. These results could enable us to better understand the physical mechanisms behind the application of InAs/GaSb NCA SLs as optical devices which require polarization control and selectivity. 
